Objective: To explore the impact of risk-adjustment on surgical complication rates (CRs) for benchmarking gynaecological-oncology centres.
Introduction
There is a drive within the National Health Service (NHS) to increase transparency and improve quality and safety. To this end, one of the initiatives in surgery has been to publish outcomes data for hospitals and more recently for individual surgeons which have been sourced from national clinical audits in some specialties and in most from administrative data. (1, 2) While surgical data on a national level has been collected in specialities such as cardiothoracic (3) and orthopaedic (4) surgery and certain cancers such as lung (5) , colorectal (6) and head and neck (7) , there is paucity of such data in gynaecological oncology (GO). To address this, the United Kingdom Gynaecological Oncology Surgical Outcomes and Complications (UKGOSOC) (8) study was undertaken to prospectively capture data on surgery with a view to setting benchmarking standards.
In this cohort, the overall intraoperative (IntraOp) complication rate (CR) was 4.7% (8) and the postoperative (PostOp) CR was 25.7%. (9) However use of observed complication rates (CRs) for centre level comparisons does not take into account patient comorbidity, underlying disease or surgical complexity, all of which can impact on the risk of a complication. (8) The use of unadjusted crude CRs has resulted in significant unease amongst surgeons and hospitals due to the variations in prevalence of surgical risk factors. Concerns have been raised that it might deter surgery being undertaken in 'high-risk' patients with significant comorbidity. We report on the impact of risk-adjustment of surgical CRs on benchmarking of GO at hospitals participating in UKGOSOC.
Methods

Study Design
The UKGOSOC study design has been previously described. (8, 9) In brief, ten UK GO centres collected data using web-based software on consented women undergoing major gynaecological cancer surgery. Surgeons entered patient co-morbidity, surgical procedures and IntraOp complications (Table S1 ) contemporaneously in theatre.
PostOp complications (Table S2) were defined as occurring up to eight weeks after surgery. These were entered on to the online database during the admission by the hospital team. Following discharge from hospital, patient-reported complications data was also collected using postal follow-up. (9)
Statistical Methods
All reported major surgery was used to calculate IntraOp CR. All reported PostOp complications were graded (I-V) according to severity using the Clavien and Dindo system. (10) Grade 1 complications were excluded from analysis. A PostOp complication for this analysis was defined as one of Grade II-V severity. Only those surgeries where both hospital and patient follow-up data were available, were included in the primary analysis, with PostOp complications including those reported by the clinical team (hospital-reported), the patient (patient-reported) or both. A secondary analysis based on the whole dataset and only hospital-reported PostOp complications, was also undertaken. The outcome was treated as strictly binary and a surgery was coded as having a complication irrespective of the number of complications. (8) The recorded risk factors for IntraOp and PostOp complications have been described previously (8) and are listed in Tables 1 and 3 . Separate comparisons were undertaken for IntraOp and PostOp CRs. All methods described below apply to both.
Data description
Outcome and categorical risk factors were cross tabulated by hospitals. To assist identification of imbalance in risk factors across hospitals, chi-squared tests were performed. Associated p-values were not used as a formal test measure for the factors with small category counts (<5) at any hospital. Continuous risk factors were summarised by within-hospital means and standard deviations, and F test statistics and p-values from an analysis of variance were similarly used to aid assessment of hospital variation.
Risk prediction and penalised regression
Logistic regression models were used for risk prediction, though parameter estimates were based on a penalised method (least absolute shrinkage and selection operator or 'lasso') (11) rather than maximum likelihood (ML). A fundamental issue involved in prognostic model construction is that of 'events per variable' (EPV) (12) , where the number of 'events' in a binary regression model is taken as the total of the less common outcome. A fitted model should have an EPV of at least 10 (13, 14) , where the variable count includes all levels of a categorical variable. The EPV requirement holds even if variable selection (stepwise methods) is performed, so that the variable count is based on the full model. A limited number of EPV can cause validation problems when using ML for parameter estimates, as the model becomes over-fitted and prediction error is inflated. As a result many prediction models fail to be successfully validated (12).
The lasso deliberately biases (shrinks) the regression estimates toward zero, reducing the mean square prediction error (MSPE) which is a function of the variability, as well as the bias, of the predictions. As a result, despite intentional bias, penalised methods typically provide better prediction than ML. A brief description of the lasso method is presented in Appendix 1. Formal inference for biased estimates is dubious so p-values should be used only for approximate guidance. (11) The user-written Stata commands plogit and plsearch were used to fit lasso-shrunk logistic models.
Equivalent models fitted by ML are presented for comparison.
Model fit was assessed using the Hosmer-Lemeshow test and model specification with the link test. A receiver operating characteristic (ROC) curve using the predicted probabilities generated by leave-one-out cross-validation (LOO-CV) was calculated and overall performance (discrimination) assessed by the area under the curve (AUC).
By regressing the outcome on bootstrapped linear predictions (log odds) for each subject, the calibration slope (CS) (12, 13) could be estimated as the mean slope of 1000 bootstrap samples, where a slope close to one suggests good calibration and (much) less than one implies over-fitting of the model. An over-fitted model will give predictions that are too narrow in range.
Hospital rate adjustments
Observed IntraOp and PostOp CRs for hospitals were compared using funnel plots, a standard approach to institutional comparison. (15, 16) They were generated by plotting each hospital's observed CR against sample size and assessed with respect to confidence bands that signify unusually high or low CRs. Control limits for the funnel plots were generated using smoothed exact confidence intervals for the overall CR. These were displayed using coloured 'warning' bands of increasing 'concern' with regard to increasing CRs : green (up to 80%), yellow (>80%-90%), orange (>90%-95%), and red (>95-98%)..
We used the prediction model to produce expected IntraOp and PostOp CRs for each hospital and hence an observed-to-expected CR ratio. Bootstrapped confidence intervals for the CR ratio were generated (see Appendix 2) with the same warning levels as for the funnel plots, and if the confidence band contained 1, the hospital was denoted with the appropriate coloured warning.
Results
Intra-operative complications
2948 surgeries undertaken across 10 hospitals were included in the analysis. 139 had at least one IntraOp complication. Although the observed IntraOp CR ranged from 2.0% to 8.0%, the variation was not significant between hospitals (p=0.052).
Modelling and fit
The distribution of risk factors and CRs across the 10 hospitals is detailed in Table S3 .
There was variation across hospitals for most predictors, but particularly for laparoscopic approach, grade of surgeon, surgical complexity, final diagnosis and Figure 1a shows the funnel plot allowing a simple comparison of observed IntraOp CR by hospital. A majority of the hospitals are within the green band with some, such as Hospital F, having a significantly low IntraOp CR outside the 95% (≈2 standard deviations) control limits. Hospitals J and E have CR higher than the overall IntraOp CR but the moderate number of surgeries analysed from these hospitals (150 and 181, respectively) means a reduced confidence in their outlier status and they lie within the yellow band (control limits >80%-90%). Figure 1b shows the observed-to-expected CR ratio, adjusted for risk factor prevalence in the 10 hospitals. The spread of expected IntraOp CR for hospitals is between 3.9% and 5.4% (Table 2a ). In Figure 1b Hospital F is confirmed as having a low IntraOp CR after adjustment. The 95% confidence interval for Hospital E is completely above 1, the line of equality (observed=expected), and it is coded red (confidence interval >95-98%) marking it as a centre with high IntraOp CR. The ratio for Hospital G is also high at 1.8, but with wide confidence intervals, hence it remains coded green. Hospital J, which had the highest observed IntraOp CR, only has the 3 rd highest ratio (Table 2a) and remains coded yellow, indicating that its high CR is partially mitigated by a relatively high-risk case-mix of surgeries.
Hospital rate adjustments
Post-operative complications
The primary PostOp CR analysis was restricted to the subset of 1462 surgeries with both hospital and patient reported outcomes. 376 had at least one PostOp complication. Individual hospital statistics are presented in Table S4 . Estimated blood loss (EBL) and duration of surgery varied significantly by hospital. The PostOp CR varied from 15.6% to 36.2% between hospitals but the difference was not significant (p=0.096). The findings were similar for the full dataset (Table S3 ).
Modelling and fit
Of the 1462 surgeries missing data meant only 1371 surgeries with 346 events were included when fitting the full model. This resulted in an EPV of 9.9 given the 35 variables. The optimised lasso model resulted in 15 variables out of 35 being removed from the model (Table 3 ). Only duration of surgery appeared to be a strong predictor of PostOp complications, though coagulation-thrombosis, and musculoskeletal disorders and diabetes (all increase risk), laparoscopic approach (decreases risk) and final diagnosis (cervical and vulval cancer increase risk relative to ovarian cancer) were significant at the 5% level using ML. The ROC curve based on LOO-CV produced Figure 1c compares the observed PostOp CRs of the 10 hospitals using a funnel plot.
Hospital rate adjustments
The overall CR was 25.7%. None of the hospitals had a PostOp CR that was significantly higher than the overall CR. Hospital J had the highest PostOp CR (36.2%) but as this was based on only 58 surgeries, it lies within the yellow (control limits >80%-90%) band. Hospitals G (15.6%) and I (17.1%) have notably low CR. Figure 1d shows the observed-to-expected PostOp CR ratio, with actual values found in Table 2b . The 
Discussion
Main Findings
Risk-adjustment did not make a significant difference to the CRs for majority of centres, but helped to delineate the outliers better. The shaded funnel plots and observed versus expected ratios generated made comparisons easy to comprehend.
Hospital under-reporting is common for PostOp complications and inclusion of patientreported outcomes is important to ensure valid comparison between institutions. Risk factors for IntraOp and PostOp CRs were largely different and even after adjustment there was no concordance between hospital IntraOp and PostOp CRs. The overall IntraOp (≈5%) and PostOp (≈26%) CR derived from this study could be used to benchmark performance in GO.
Strength and Limitations
This is the first large prospective multicentre study in GO to develop risk-adjusted CRs for inter-institutional comparison of surgical outcomes. Although such data is available in other specialties, (3, 5, 7, 18) in GO, it is limited to a retrospective study comparing outcomes of ovarian cancer surgery between three US tertiary centres. (19) Whilst the limited number of surgeries entered is not entirely representative of all GO operations performed in the UK, this was a huge undertaking for the clinicians involved. For the 7 centres we have data for, the inclusion rate of cases ranged from 64.6% to 97.6% and all cases were prospectively registered prior to surgery.
We have previously described the risk predictors for IntraOp and PostOp CRs based on univariable and multivariable regression. (8) Few of the factors appeared important across either model reflecting the difficulty in developing risk-prediction tools. While significant effort was required for complete prospective data collection on 2948 surgeries, given the high EPV rate had significant implications for estimation.
Use of a data-dependent internal measure (observed overall CR) in lieu of a prespecified target rate based on external data and expert opinion was a limitation, and a hospital with a particularly high rate will help push up that value to which all hospitals are compared to. Unfortunately there was insufficient published data on GO CRs to utilise a prior target rate. Given that there are no apparent institutional outliers in our dataset, the observed CRs might be reasonably used as future target rates. A related issue is that the data used to estimate the prediction model was the same to which the model was then applied, though cross-validation methods were employed. An external dataset is therefore required for proper model validation. Figure 1 suggests the adjustment process may appear to add little value when comparing centres, given that most of the predictors appeared to have limited impact on outcome. However adjustment helps to better define the level of excess surgical complications at a given hospital, and could therefore provide an earlier intimation of potential issues. Hospital E was only flagged as having a statistically high IntraOp CR (p=0.03) following adjustment. The IntraOp and PostOp CRs did not vary significantly between the 10 hospitals, so that for the majority, the observed CRs were within the funnel plot control limits. In the broader healthcare community, where the spread of quality and CRs is likely to be wider, it is likely that there will be institutions beyond the various safety bounds, requiring more precise performance monitoring.
Interpretation
By contrast, nearly all the predictors varied considerably by hospital, especially those involving an element of surgical decision making (laparoscopic approach, surgeon grade, surgical complexity). This 'inter-hospital' variability in risk factor prevalence is a strong argument in itself for the need to adjust for fairer comparison. That riskadjustment did not substantively affect results is partially due to parameter shrinkage caused by lack of statistical power. Based on our results, a subsequent study modelling IntraOp CRs, would need n≈12000 for hypertension (ORML=1.28; p=0.26) to achieve power=80%, for example. With more data some of these factors may contribute significantly to CR prediction, both statistically and clinically. The lack of association between CR and factors like BMI, especially after open surgery, are contrary to previous reports. (20, 21) However, it is evident that much of the outcome variability is related to unmeasured (perhaps unobservable) phenomena, and we do not expect a surgical complication to be ever predicted with a high degree of confidence.
The difference in ranking order of hospitals for IntraOp and PostOp CRs, for example, hospitals G and E, could be due to various reasons including surgical skill, post- Penalized models may appear complicated but in a limited event situation it is known that selection methods may moderate predictors and include noise predictors. (22) However, it is straightforward to input predictor values into, say, an Excel sheet preprepared with the necessary formula to calculate risk scores, and calculate confidence limits treating the expected rate as fixed (23) (Table S5) . Alternatively, the model parameters presented could be used as informative priors for subsequent model building by other researchers in a Bayesian context.
Since morbidity is the main yardstick for benchmarking surgical performance, moving forwards, it would be important to have complete and accurate data in a larger database. The drawback of clinician-led databases is that all surgical episodes may not get recorded due to its heavy reliance on voluntary data entry. 
Conclusion
Risk-adjustment had a modest effect on the rankings of the individual centres based on their CRs. However, by accounting for the prevalence of potential risk factors we may be able to estimate an adjusted CR that ensures fairer inter-institutional comparison. The overall IntraOp (≈5%) and PostOp (≈26%) CRs and funnel plots could be used to benchmark performance of GO centres and even individual surgeons with a larger dataset. The risk factors for IntraOp and PostOp complications are different and it is important to report on the two CRs separately.
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Appendix S1: The Lasso method
The lasso (least absolute shrinkage and selection operator) estimator [1] employs a penalty term in the likelihood function that is then maximised subject to a constraint on the (absolute) sum of the regression coefficients. The penalty term is a function of shrinkage parameter (λ) chosen by the investigator, which when equal to zero reduces to ML estimation and when tending to infinity results in estimates tending to zero. In contrast to the similar ridge regression method, where all the coefficients of the full model are partially shrunk, the lasso actually performs a type of variable selection. represents a 80-90% control limit, the orange band/line a 90-95% control limit, and the red band/line a 95-98% control limit around overall rate. Right hand panels plot ratio of observed to expected rate against the null value of one, with colour-coded confidence intervals representing the same interval range as for the funnel plots. All plotted rates are also colour-coded, reflecting the position of the observed rate (left panels) or null value (right panels) within the appropriate coloured band. 
